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Abstract
Technology advancement has made a dramatic change in human lives in the modern world which leads
the people to find things that can ease their tasks. Also, it becomes necessary to perform the daily
tasks more safely, accurately and efficiently. For this purpose, robots are developed. It is possible to
reach the places where human cannot reach such as hazardous places, with the use of robots. Therefore
the safety and the efficiency is guaranteed with the use of robots. The ultimate goal of this research
was to achieve remote human support. This require master slave systems. Since a remote operation
is done with the involvement of human, it is required to have haptic feedback in addition to the visual
information. If the robots are operated in the human built environment, robots with the human like
structure would be ideal. Therefore study about biped locomotion for the remote side, exoskeleton
operation for the master side, and accurate motion transmission for both sides are quite necessary
where motion control is the starting point that discusses all the fundamental theories lying underneath.
This thesis was focused on advanced approaches in biped robot control for haptics applications mainly
used for human support.
In chapter 1, the motivation of this research and the thesis structure were explained under the introduc-
tion.
In chapter 2, background and the related works related to various biped locomotion methods and me-
chanical backlash cancellation methods were explained together with their pros and cons.
In chapter 3, robust motion control was described. Motor model, acceleration based control, force
control, and position control were described in this chapter. Furthermore, disturbance observer based
robust control, sensorless force estimation via reaction force observer, and bilateral control were also
explained in this chapter.
In chapter 4, biped locomotion based on haptics was described. Conventional researches related to
biped locomotion require high computation power and accurate models of the robots to realize required
goals. However, with the proposed haptic based method, it was possible to achieve dynamic walking
without such necessities due to direct motion transmission. Human walking information obtained by
an exoskeleton robot were used to generate the trajectory of the biped robot in real time. Also it can be
used to teach the biped robot for the later use.
In chapter 5, performance and accuracy enhancement were explained. In general, motors in an actuator
are placed away from the end effector to make the systems lighter in weight. The motion from the motor
to the end effector are transmitted using a medium such as gears or thrust wires. However, introduction
of such media create mechanical backlash. When the accurate motion transmission is required, it is
necessary to have a backlash free operation. The proposed method can be used to cancel the backlash
effectively and efficiently with the use of two motors and maintaining a constant force/torque between
each other.
In chapter 6, conclusions of this research were presented. With an accurate motion transmission and
control for the haptic based robots, it was expected to realize a humanoid robot that can support human
life.
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Chapter 1
Introduction
1.1 Motivation
Evolution of the mankind has made the human to be more consistent on their needs, together with their
attitudes and social life. With the demanding necessities of their lives, man went on a struggle to find
out ways that could ease their tasks. As a result, the technology development has revolutionized the
world from the point of invention of the wheel to the modern space industries, through the development
of human made machines. Those machines that can perform complex series of actions automatically,
developed for the human support are called as robots.
Robots are widely used in almost all the fields in the modern world. Since their ability to precise
operation and accuracy when compared to bare human involvement, it has become a trend to use them
to perform delicate tasks [1]. Unlike in the case of humans, robots are diligent. Therefore, in the heavy
industries also robots are used to support the human where possible [2]. Use of robots have been also
increased in the fields where the human gets much stressed and have to perform delicate and accurate
tasks. Therefore the trend of researches in the related field has also been increased nowadays.
Robotics is the field of Design, Construction, Operation and Application of robots as shown in Fig.
1.1. Design is Modeling and Computer Aided Designing(CAD) of the robots. Construction is the
machining of robots. Here, operation of robots consists of actuation and motion control. Application
is the robot’s task that it supposed to perform.
Motion control is one of the main sub fields of robotics. Typical motion control application consists of
several components as shown in Fig. 1.2. Here motion controller can be either open or closed form.
Drive is the motor driver that is used to amplify the current output. Mechanics includes all the moving
parts and motion transmission media including gears, thrust wires etc. Human Machine Interface
includes the field of Haptics. Therefore, it is necessary to have a proper controller, good Human
1
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Figure 1.1: Description about robotics
Figure 1.2: Motion control application
machine interface, and good mechanics to realize a proper motion control application in addition to
the motor and motor driver.
Therefore, it is required to research about robotics and motion control for the human support. Biped
robots and exoskeleton robots are two kinds of robots that can be used to support human. Since the
2
Chapter 1. Introduction
Figure 1.3: Motion control for human support
robots are supposed to operate in the human built environments, bipeds are preferred. Exoskeletons are
usually used to empower the human body where necessary. However, in this research, both bipeds and
exoskeletons are controlled as haptic machines with the use of proper control. By doing so, it is possible
for the operator to feel the remote environment on which the biped robot is operated. However, robots
have gears and thrust wires. These transmission media introduce the problem of mechanical backlash.
For an accurate motion transmission such as in the haptic applications, compensation for the backlash
is necessary. This idea is illustrated in Fig. 1.3.
1.2 Objective of this thesis
Nowadays, almost everyone is spending a busier lifestyles than before. In order to make their lives
easier people tend to get the use of technology. Even when supporting each other with their daily
tasks, it will be much convenient to get the things done remotely. To realize that, robotic technology
can be used with remote operation.
Except the natural world, all the buildings and surroundings are human built environments. Therefore,
to operate the robots in the human built environments, robot structures similar to the humans would be
ideal. Therefore, locomotion of biped type robots are essential.
However, if a robot is remotely operated, there are several information that the operator may need.
Even though position, visual and audio feedback are enough for a simple remote operation of a robot,
force feedback plays a major role when the remote robot is used to interact with humans.
When the remote robot is a biped type and required to be walked then the walking trajectory generation
has to be proper. Since human has the best adaptability for the unknown environments, it would be
3
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Figure 1.4: Motivation
preferable if the human’s ability of adaptation for the unstructured environments can be used to operate
the biped. Therefore, an exoskeleton robot can be used to capture the human’s trajectory and that
information can be replicated in the remote side through the biped. If the human operator has the ability
of feeling the remote environment through the exoskeleton robot, the operator can make necessary
adjustments to maintain the remotely operated biped robot’s balance in the remote environment. To
realize that bilateral control is essential.
Furthermore, in the construction of the robots it is required to make the robots end effectors more
light weight by keeping the actuators away. Such situations require some motion transmission media
such as gear trains and thrust wires. Adding those media will create the problem called mechanical
backlash. Especially in the situations where these robots are to be used for the haptics applications, this
mechanical backlash become a major drawback due to the dead zone of haptics information. Therefore,
it is necessary to provide an accurate and backlash–free transmission from the actuator to the end
effector of the robot.
To realize all of the above described targets, use of proper motion control is essential. With this
motivation, this dissertation is constructed as shown in Fig. 1.4.
4
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Figure 1.5: Chapter organization
1.3 Thesis structure
This thesis is arranged as shown in Fig. 1.5. In Chapter 1, thesis introduction is presented. Chapter 2
describes the background and related works. Fundamentals of motion control and disturbance observer
based motion control is described in Chapter 3. Chapters 4 and 5 explain the haptic based biped loco-
motion and accuracy enhancement of motion control application using backlash cancellation. Finally
this thesis concludes in Chapter 6.
Nomenclature used in the modeling section onward is given in Table 1.1.
5
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Table 1.1: Scripts and nomenclature
Script Type Script Name Meaning
Superscript cmd Command
Superscript ref Reference
Superscript res Response
Subscript bi Biped
Subscript exo Exoskeleton
Subscript comp Compliance
Subscript ank Ankle
Subscript m Mass
Subscript s1 Slave-1 (Actuator space)
Subscript s2 Slave-2 (Actuator space)
Subscript m,joint Master in joint space
Subscript s,joint Slave in joint space
Subscript s,twist Twist force of slave
Subscript com Common mode
Subscript dif Differential mode
Subscript AJ Actuator space to joint space
Subscript JM Joint space to modal space
6
Chapter 2
Background and related works
2.1 Locomotion of bipedal robots
In the recent years, researches about biped locomotion have been increased and the bipeds are expected
to be used in many fields such as hazardous environments [3][4]. A human need several forces and
senses to walk as shown in Fig. 2.1. On the other hand, when the biped robot walking is considered,
it is necessary to generate the foot trajectory together with a proper balancing criterion [5]. In the
literature, many approaches for trajectory planning have been studied by various researchers [6][7].
Basically, there are two types of biped walking methods called as 2D walking and 3D walking. In the
former case, only the motion of center of gravity along the sagittal direction is considered. However
in the latter case, both motions of the center of gravity along sagittal and lateral directions are consid-
ered. Generally, walking or trajectory planning algorithm begins from the 2D walking which will be
extended to 3D walking lately. This paper proposes a novel walking method based on haptics. Exper-
iments have been conducted for 2D walking and validated by the results obtained from the walking
experiments.
When the approaches that have been made so far to realize bipedal walking are considered, various
methods can be found in the literature. One such attempt has been made by Schuitema et al. to develop
a method to realize 2D biped walking with the use of machine learning techniques [8]. However in their
approach, the robot has a difficulty to adapt to the environment, and the necessity of different kinds
of algorithms have been raised up. Also, demonstration based skill transfer method has been used for
biped locomotion by some other researchers [9]. However that approach has probabilistic errors and
hence its not well suited for biped locomotion. Several other researchers [10][11] have attempted to
move biped with under-actuated control in sagittal motion. Since they use neural networks and auto-
matic control for locomotion, considerable computational power is necessary. Moreover, stepping over
motion has also been studied by various researchers [12][13] for walking on terrains having large ob-
stacles. However, those approaches have limitations over avoiding the obstacles and the authors have
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Figure 2.1: Senses of a walking person
mentioned the necessity of vision guided systems for improved mobility. Ryan et al. have proposed
hybrid control method based 2D bipedal walking. However, their method has some issues when the
presence of external disturbances [14]. Although some other researchers have attempted to develop
a controller to realize walking and automated standing up, their approach has a larger influence from
the delay presented in their control system [8]. Hosoda et al. have developed a 2D biped robot with
pneumatic artificial muscles which is capable of walking and running. However, the lack of feedback
from the attitude sensors makes their proposal less stable for the external disturbances [15]. Several
other researchers have attempted different methods to realize walking [16][17]. However, their perfor-
mances seem to be not enough when faster foot trajectories are considered. Also such methods require
comparatively higher computational power. Nagase [18] et al. have developed a walking haptic system
for 2D biped locomotion. However their system has only one degree of freedom for the master side to
generate the trajectory of the robot as well as to give the feedback to the operator.
When the approaches made in the literature are taken in to account, it can be found out that almost all
the studies of biped locomotion uses automatic control or Artificial Intelligence (AI) based approaches.
Also they require precise dynamic models as well. Furthermore, it is hard to design a controller
for biped locomotion which mimics the natural human motion because of the non-linearity in the
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dynamics. Even if a simplified dynamic model with a linear controller is used, the performance will
become low. Therefore, it is important to figure out easier locomotion methods with high performance.
Precise operations of remote tasks require haptics. Bilateral control is one of the methods to realize
haptic based operations [19][20]. In bilateral control, two systems are presented called as master and
slave. Both position and force information is transmitted from master to slave, and vice versa. Even if
the typical bilateral systems are stationary, some researchers have proposed movable master and slave
systems [21]. In the conventional researches of remote biped operation, joystick or similar mechanisms
have been proposed [22]. However, in their approaches, only the audio and visual feedback is fed to
the operator. However force feedback is essential when doing remote operations [23].
The main contribution of this paper is to propose a novel walking method for biped robots based on
the simultaneous transmission of human motion, based on haptics. The motivation of this research
is to realize a haptic based biped walking method that enables biped robots to be operated in remote
environments. In this method, an exoskeleton attached to human body will obtain the haptic informa-
tion and they are replicated on a biped robot in real time with the use of four channel bilateral control.
Both biped and human walk in the same environment and the bipeds lateral motion is supported by
two guided rails to constrain the robots motion in the 2D plain and stop falling in the lateral direction.
Even though automatic control or AI based approaches are used in the conventional methods, adapt-
ing to unknown environments is a challenging task. However in this method, adaptation is achieved
through human motion together with the compliance, which is a quite straightforward method. As the
trajectory planning is determined by the human gait, a knee stretched walking with high performance
can be realized.
2.2 Robots and industries
There are so many industries in the modern world, that get the support of the power assisted drives
and systems [24]. Many of those industries are supported by robots to handle their major tasks. To
obtain higher torques for the robots, motors having larger inertias are necessary to be used in general.
Due to the impracticality involved in it, geared drives are used to achieve the required torque with
small comparatively motors [25] [26]. However, adding gears will introduce the backlash problem.
If it is desired to obtain lighter weight robot designs, and improve the stability of force control by
decreasing the inertia, thrust wires can be used to keep the actuator and the end effector apart [27]
[28]. Similar to the spacing between the meshing teeth create backlash in gears, the spacing between
inner wire and outer tube creates backlash in thrust wires. If the robot system is used to transmit the
haptic information, backlash will become problematic in both geared systems and thrust wired systems.
Therefore compensation for backlash is necessary.
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2.2.1 Attempts to compensate for gear backlash
When considering the gear backlash compensation, some attempts have been made by various re-
searchers to achieve it. Yi Ling et. al [29] and Chao He et. al [30] have attempted to compensate the
backlash by different modeling methods, however their approaches mainly depend on the accuracy of
the modeling. Sensor-less backlash compensation by considering the impulse generated at the point
of meshing to determine the instance of gear meshing has also been studied [31] [32]. However this
may result in some undesired decisions when the impulse is generated from the load side. Kolnik et.
al. [33] and several other researchers [34][35] have attempted to make a compensation to the gear
backlash by treating it as torque disturbance, but a complete elimination of backlash has not yet been
realized. Control methods with the use of multiple drive units have been used by some researchers to
compensate the backlash [36] [37]. How ever the presence of several redundant motors will eventually
make the system bulky making it unsuitable for the applications related to haptics. Simulation based
approach to treat the backlash has also been attempted by some other researchers, however in their
approach, the friction inside the system is increased [38]. Several other approaches made in the liter-
ature for compensation of backlash have not been able to completely eliminate the backlash problem
[39][40]. To overcome this problem mechanically, a special type of gears called zero backlash gears
and harmonic drive systems have been introduced. However adding a zero backlash gear cannot com-
pensate the entire backlash presented in a geared system as it can cancel the backlash of the immediate
meshing gears, and a harmonic drive will create low stiffness and non-linear friction effects [41].
2.2.2 Attempts to compensate for thrust wire backlash
When considering the thrust wire backlash, the construction of the wire has accounted for its backlash
problem. There is a space between the inner wire and the outer tube of a thrust wire. This gap allows
the inner wire to bend inside the outer tube when applied with a sufficient force, and will ultimately
resulted in a backlash between the two endpoints of the thrust wire. Therefore the motion transmission
is affected by the spacing inside the wire [42]. Recently, there have been several attempts to compensate
the backlash effect [43] [44] in thrust wires. However these attempts either use additional encoder or
force sensor at the end of the thrust wire or at the end effector, making it bulky for the light weighted
robots where necessary. Therefore a compensation for the backlash is essential for both geared drives
and thrust wired systems.
The contribution of this paper is to propose a novel method to realize backlash cancellation of gears
and thrust wires by using a unique control structure. The motivation of this research is to realize
a backlash free motion transmission in a bilaterally controlled system. This proposed method can
uniquely solve the backlash problem for both geared motor drives and thrust wired systems. Therefore,
the proposed method can be especially used in the bilateral teleoperation systems where backlash free
motion transmission is essential. This method does not use any additional encoder or force sensor at the
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end effector. Instead, two identical counter operating drives are used. The proposed control structure
can keep the geared system or the thrust wired system interlocked with each other to eliminate the
backlash and operate in a load sharing basis depend on the direction of operation. In the experiments,
master systems and slave systems are used and they are controlled bilaterally. A direct drive was
chosen for the master robot that doesn’t contain the backlash. For the slave side, two counter operating
drives each having backlash are used. Using the proposed control structure, the backlash of the slave
side is compensated and it was shown that the proposed method works well. The haptic transmission
was taken place between the master robot and the end effector of the slave side through the bilateral
control.
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Robust motion control
3.1 Introduction
Motion control simply means the realization of desired motion in an actuator. In order to achieve this,
velocity control, force control and proper coordinate system and transformation are necessary. In this
chapter, basics of motion control are expressed starting from the modeling of the linear motor. The
models presented in this chapter are used in the rest of the chapters as well.
Followed by the liner motor modeling in section 3.2, acceleration based control, force and position
control based on acceleration, disturbance observer, reaction force observer and bilateral control are
presented up to section 3.7. Section 3.8 summarizes this chapter.
3.2 Motor model
In this section the modeling of the linear motor is presented. When a motor is in operation it gives out
a net force output or the force response that is equal to the difference of the motor force that the motor
generates and the load force. This is expressed in (3.1).
Fres = Fm − Fl. (3.1)
Here, Fres is the force response of the motor and Fm is the motor force and Fl is the load force.
However it is also possible to write the motor force response according to the Newton’s second law of
motion as shown in (3.2),
Fres = Ms2Xres. (3.2)
Here, M and s2Xres denotes the motor mass and the acceleration of the motor respectively. The accel-
eration of the motor is measured by taking the double differentiation of the motor position, Xres.
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According to the motor equation, the force output Fm is also equal to the armature current reference of
the motor Ire fa times the motor torque constant Kt.
Fm = KtI
re f
a . (3.3)
From (3.1), (3.2) and (3.3) it is possible to write,
Ms2Xres = KtI
re f
a − Fl. (3.4)
The loads force, Fl consists of several terms and can be written as follows,
Fl = Fint + Fext + F f ric + Fg. (3.5)
Where,
Fint: Internal force,
Fext: External force,
F f ric: Friction force, and
Fg: Gravity force.
Friction force consist of the viscous friction DsXres term and the coulomb friction Fcoulomb term as
follows,
F f ric = Fcoulomb + DsXres. (3.6)
Where D is the damping coefficient. Therefore we can obtain the following by combining the equations
(3.4) and (3.5).
Ms2Xres = KtI
re f
a − (Fint + Fext + F f ric + Fg). (3.7)
When it is required to model the motor, there will be a modeling error due to the change of mass and
the thrust coefficient. Therefore, we can write those changes as,
M = Mn + ∆M, (3.8)
and
Kt = Ktn + ∆Kt. (3.9)
Where, Mn, Ktn are the nominal values of the mass of the motor and the thrust constant respectively.
∆M and ∆Kt are the changes of the nominal values of the mass and the thrust constant. Therefore (3.7)
can be written as follows:
(Mn + ∆M)s2Xres = (Ktn + ∆Kt)I
re f
a − (Fint + Fext + F f ric + Fg). (3.10)
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Figure 3.1: Linear motor model
Figure 3.2: Control structure of acceleration based control
Therefore,
Ms2Xres = KtnI
re f
a − Fdis. (3.11)
Where Fdis is the disturbance force for the system, denoted by (3.12).
Fdis = Fl + ∆Ms2Xres − ∆KtIre fa . (3.12)
Based on above equations, the motor model can be illustrated as in Fig. 3.1. Here the output of the
motor is position since it is considered that a position encoder is embedded inside the motor.
3.3 Acceleration based control
Acceleration based control refers to as the realization of motion control based on the acceleration of a
system. Generally the acceleration can be taken as a parameter for this type of system as the position
can be obtained by the double integral of acceleration. Also there is a liner resemblance for the force
with acceleration. This is an advantage and can be used to control both position and force of a 1
DOF system at the same time. Typically the accuracy of the acceleration response is dependent on
the velocity estimation of the system [45]. Taking the acceleration as the reference, the force and the
position of a particular system can be controlled precisely and is well researched [46]. Control structure
of acceleration based control is illustrated in Fig. 3.2. Here X, F, and I denotes the position, force and
current while subscripts cmd, re f , and res denotes the command, reference and response respectively.
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Figure 3.3: Force controller
3.4 Force and position control based on acceleration
This section discusses about the force and position control based on acceleration.
3.4.1 Force control
This section discusses about the force control based on acceleration. In force control, it is expected to
apply the desired force on the environment. However, that force is also equal and opposite to the force
exerted on the motor from the environment. Therefore the force response of the motor and the force
command is taken to model the force controller. The acceleration reference for the force controller can
be written as,
s2Xre f = C f (Fcmd − Fres). (3.13)
Here, C f is the force controller. In this thesis it it simply taken as a force feedback gain. This controller
is designed in this way without any derivative components, since the force response contains some high
frequency oscillations that will create undesirable values if differentiated. Fcmd and Fres are the force
command and the force response respectively. By using the force control in this manner, it is possible
to control the force output of the system. The control block diagram of a force controller is shown in
Fig. 3.3. Here, Z is the environmental impedance.
3.4.2 Position control
It is desired to track the position command by the position response in an ideal position controller
regardless of the disturbances of the system. In ideal situation of a position controller, position response
should always track desired value of position command even at the presence of disturbances in a way
that,
Xcmd = Xres. (3.14)
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Figure 3.4: Disturbance observer
This means the transfer function of the system from Xcmd to Xres is 1. Therefore, if the system is
modeled using a second order transfer function, it is possible to write,
Xres
Xcmd
=
s2 + Kvs + Kp
s2 + Kvs + Kp
(3.15)
By rearranging the terms,
s2Xres = s2Xcmd + (Kvs + Kp)(Xcmd − Xres). (3.16)
The term, (Kvs + Kp) is the position controller where Kv is the velocity gain and the Kp is the position
gain.
3.5 Disturbance observer
Using the disturbance observer, it is possible estimate the disturbances to the system due to the varia-
tions of the mass and the motor thrust/torque constant and compensate them. This is one of the robust
controlling methods available to achieve the desired motion at the presence of disturbances. This is
realized by estimating the disturbance to the system using the armature current reference Ire fa and the
acceleration response, s2Xres. Disturbance to the system can be calculated as,
Fˆdis = KtnI
re f
a − Mns2Xres. (3.17)
The block diagram of the disturbance observer is shown in Fig. 3.4. Although the disturbance force can
be calculated in this manner, it will create huge amount of noise due to the acceleration measurement
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Figure 3.5: Disturbance observer with low pass filter
Figure 3.6: Modified DOB
using the position response. Therefore, it is desired to use a low pass filter to the calculated disturbance
force output to cut off the high frequency terms. This is represented by estimated disturbance as,
Fˆdis =
g
s + g
Fdis. (3.18)
Where, g is the cutoff frequency of the disturbance observer and s is the Laplace operator. The modified
block diagram is shown in Fig. 3.5. If high noise is presented in the position response, it will generate
high acceleration response values while taking the derivative of the velocity response. Therefore the
disturbance observer is modified in a way that the derivative of the velocity response is not presented.
Instead, the differentiator s is replaced with the cut off frequency g, and only an integral action is used
to estimate the disturbance as shown in Fig. 3.6. In order to make a compensation for the disturbance,
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Figure 3.7: Disturbance compensation
the estimated disturbance force is transformed to the corresponding compensation current as
Icomp =
1
Ktn
Fˆdis. (3.19)
This disturbance compensation can be illustrated as in Fig. 3.7.
3.6 Reaction force observer
It is possible to use the disturbance observer not only for the disturbance rejection but also for the
calculation of the reaction force. If the Fl is substituted from (3.5) to (3.12), it is possible to obtain,
Fdis = Fint + Fext + F f ric + Fg + ∆Ms2Xres − ∆KtIre fa . (3.20)
If the effect of internal force, friction forces are negligible and if the gravity does not affect the system,
the above equation is reduced to:
Fdis = Fext + ∆Ms2Xres − ∆KtIre fa . (3.21)
If nominal values of the mass and the thrust constant are chosen closer to their exact values, then the
∆M term and the ∆Kt term can be assumed to be zero. Therefore,
Fdis = Fext. (3.22)
Which means the output of the disturbance observer is equal to the external force. The block diagram
of the reaction force observer is shown in Fig. 3.8.
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Figure 3.8: Reaction force observer
3.7 Bilateral control
Bilateral control is an involvement of two robots that transmits force information and position infor-
mation between them. The robot that interacts with human is called as the “master robot” and the robot
that interacts with the environment is called as the “slave robot” [47]. Bilateral control is illustrated in
Fig. 3.9. In bilateral control, it is necessary to achieve both force and position control goals. The re-
search experiments carried out for this thesis are based on the acceleration based four channel bilateral
control. Control targets of bilateral control system are the achievement of position tracking and the law
of action and reaction between the master robot and the slave robot [48]. Master robot and the slave
robot are considered as two joints to be controlled. Therefore, control goals for the bilateral control in
the joint space can be shown as,
Xm − Xs = 0, (3.23)
Fm + Fs = 0. (3.24)
Where, the subscripts m and s denotes master and slave respectively. X and F correspond to position
and force respectively. Position goal of the bilateral control shown in (3.23) is the achievement of
position tracking between the master robot and the slave robot. Equation (3.24) shows that both master
and slave robots should satisfy the law of action and reaction. This means the force exerted on the
master robot has to be equal and opposite to the force exerted by the environment on the slave. To
realize both position control goal and the force control goal independently, It is considered as a problem
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Figure 3.9: Bilateral control
of two virtual robots, where one robot is position controlled and the other is force controlled. These
virtual controlling space of these robots are called as the “modal space”. The position controlling
virtual robot is controlled in the differential mode and the force controlling robot is controlled in the
common mode. The force in the common mode and the position in the differential mode can be written
as,
Fcom = Fm + Fs, (3.25)
Xdi f = Xm − Xs. (3.26)
Using the acceleration dimension, it is possible to write (3.25) and (3.26) as a transformation between
the joint space and the modal space with a second order Hadamard matrix, H2 as,
s2Xcoms2Xdi f
 =
1 11 −1

s2Xms2Xs
 , (3.27)
where,
H2 =
1 11 −1
 . (3.28)
To realize the bilateral control, the common mode is force controlled and the differential mode is
position controlled. Therefore the acceleration references for the common mode and the differential
mode virtual motors in the modal space can be written as,
s2Xrescom = C f (0 − Fcom)
= −C f (Fm + Fs), (3.29)
and
s2Xresdi f = Cp(0 − Xdi f )
= −Cp(Xm − Xs). (3.30)
20
Chapter 3. Robust motion control
Figure 3.10: Bilateral control
Therefore, the acceleration references for the master robot, s2Xre fm and that of the slave robot s2X
re f
s in
the joint space can be derived by the inverse Hadamard matrix H−12 calculation as,
s2Xre fm =
1
2
[
Cp(Xs − Xm) −C f (Fs + Fm)
]
, (3.31)
s2Xre fs =
1
2
[
−Cp(Xs − Xm) −C f (Fs + Fm)
]
. (3.32)
Block diagram of bilateral control is illustrated in Fig. 3.10.
3.8 Chapter summary
This chapter discussed about the motion control. From the introduction in section 3.1, linear motor
model and the acceleration based control were discussed in sections 3.2 and 3.3 respectively. Force
and position control based on acceleration were discussed in section 3.4. Disturbance observer was
introduced and modeled and the reaction force observer is also explained in sections 3.5 and 3.6.
Finally bilateral control was discussed in section 3.7. Based on the bilateral control structure described
here, the research was carried out to support the ultimate goal of this research.
21
Chapter 4
Biped locomotion based on haptics
4.1 Introduction
This chapter proposes a novel, simultaneous bipedal locomotion method with the use of haptics for
remote operation of biped robots, to increase the performance of walking. In general, traditional biped
walking methods require very high computational power and advanced controllers to perform the re-
quired task [49]. However, in this proposed method, a master exoskeleton attached to the human’s
lower body is used to obtain the trajectory and haptics information to generate the trajectory of the
slave biped robot in real time. Lateral motion of the center of mass of the biped is constrained in this
experiment. Also, it is considered that no communication delay is presented in between the two sys-
tems in this experiment, and they are not discussed in this paper. Since a direct motion transmission is
used in the proposed method, this method is quite straight forward and a simultaneous walking can be
realized at the same time with high performance. Also, it does not require an exact dynamic model of
the biped or specific method to plan the trajectory. The gait pattern of the biped is directly determined
by that of the human. Hence, this method can copy the human motion to a biped in real time. Also,
at the same time, human is capable of sensing the remote environment through the exoskeleton robot.
Results obtained from the experiments validate the proposed method.
4.2 Methodology
This section describes about the dynamic behavior of a biped robot and the cart table model.
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Figure 4.1: System model of Tomas-K biped
4.2.1 Dynamic behavior
In order to understand the complexity of a biped robot dynamics, a typical model of a 10 DoF biped
robot shown in Fig. 4.1 is used. The behavior of the dynamics of the biped robot can be expressed as
follows [50].
BMB BMLLMB LML

X¨BX¨L
 +
CB(X, X˙)CL(X, X˙)
 +
gB(X)gL(X)
 =
 0τL
 + JTF . (4.1)
Here, X¨B denotes base-link accelerations and,
X¨B =
 V˙W˙
 . (4.2)
Where, V˙ and W˙ represent linear and angular acceleration vectors. BMB is the inertia matrix of the
base link and,
BMB =
mv˙v˙ mv˙w˙mw˙v˙ mw˙w˙
 . (4.3)
Here, mv˙v˙, mv˙w˙, mw˙v˙ and mw˙w˙ are the inertia sub matrices related to the linear and angular accelera-
tions respectively and,mw˙v˙ = mTv˙w˙. Accelerations of the joint limbs is represented by X¨L.
LML is the
inertia matrix of the limbs and,
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Figure 4.2: Cart table model
LML =

m11 · · · m1n
...
. . .
...
mn1 · · · mnn
 . (4.4)
Here,mi j is the inertia sub-matrix related to the ith and jth limbs.
BML and LMB
T are the non-diagonal inertia matrix.
BML =
LMB
T
=

mv˙1 · · · mv˙n
...
. . .
...
mw˙1 · · · mw˙n
 . (4.5)
Here,mvi andmwi are the inertia sub-matrices related to the linear and angular accelerations of the ith
limb and base-link respectively.
CB(X, X˙) is the Coriolis component and CL(X, X˙) is the centrifugal component of the force or torque
vectors. Gravity vectors related to force or torque is given in gB(X) and gL(X) denote gravity force/-
torque vectors. τL represents the generalized limb joint torque vector. JT denotes the transpose of the
Jacobian matrix. The forces and moments acting on the system externally is given by F .
However, it is clear from the above equation that a big inertia matrix is presented. Therefore the
dynamic model is highly nonlinear. As a result, the uncertainty of the system is higher. Therefore, in
general, we need a nonlinear controller to properly operate the biped robot. Even if we use a simplified
model in practice such as the inverted pendulum model, the performance will not be the same as
expected. Therefore, it is important to figure out much easier method for biped locomotion, and hence
in this proposed approach, this dynamic model is not used.
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4.2.2 Cart table model
In the ZMP based walking, the stability of the motion of the biped robot is guaranteed if the center
of pressure is maintained inside the support polygon. A typical cart table model is shown in Fig. 4.2.
An object of mass m is moving on top of a massless table. The tables base is comparatively smaller
than the top surface, so that it will fall by turning unless the object has acceleration [51]. Following
equation can be obtained by taking the moments around the origin.
PX = Xc − Zc
g
X¨c. (4.6)
Also a similar equation can be obtained for the Y direction as well.
PY = Yc − Zc
g
Y¨c. (4.7)
From the above two equations, it is clear that both PX and PY are independent from each other. Which
means the stability along the X direction is independent of Y direction and vice versa.
Therefore, if a stable walking can be guaranteed along the sagittal direction for a particular controller,
similar stability can be obtained for the lateral direction as well, if the same controller and methods are
utilized, since the stabilities in either direction are independent from each other.
In this experiment, only the sagittal motion is shown for the proposed controller. However, the same
method can be extended for the lateral direction as well, and a stable walking can be guaranteed in
either direction, without interfering each other. In the experiment, the two guided are used to constraint
the lateral motion. However, from the above description, it can be clarified that they don’t affect the
motion or the stability along the sagittal direction.
4.3 System description and modeling
This section describes the mechanical design of the master exoskeleton robot and the slave biped robot
used in the experiments and modeling.
4.3.1 Master exoskeleton robot
As described earlier, this experiment necessitates the extraction of human motion. In order to achieve
it, a human wearable exoskeleton robot was used as the master. This exoskeleton is worn at the lower
part of the human body. It consists of two 2DOF active joints and one passive joint in each side and is
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Figure 4.3: Master exoskeleton
fixed along each leg. In the hip joint, there are two perpendicular revolute joints in each side. One joint
is meant for the lateral motion, which is passive in this experiment and the other, which is an active
joint, for the sagittal motion. Since the 2D walking is considered, the lateral motion is not taken in
to account in the experiment. Therefore only the motion related to the sagittal direction is taken in to
account. The axes of rotation are in each joint at the hip joint are designed in a way that they intersect
each other. In the knee joint, there is a 1DOF revolute joint. Maxon motors and gears of 18:1 with
Encoders having 2000 pulses per revolution (PPR) are attached to each of those active joints. When
designing the exoskeleton, the lengths of the limbs are taken in a way that they match with the limb
lengths of the person who wears the master robot. In this case, the lengths of limbs were almost of
the same lengths as biped libs. The two limbs which are fixed along the two legs are attached to an
adjustable frame that goes around the hip of the user. The location of the main frame is determined in a
way that the hip joints of the exoskeleton robot are aligned in the same height as the hip of the human.
The structure of the exoskeleton is shown in Fig. 4.3.
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Figure 4.4: Slave biped robot
4.3.2 Slave biped robot platform
Experiments of this study were carried out using the Tomas-K biped robot platform which has 10
degrees of freedom in two legs, shown in Fig. 4.4. Each joint consists of a DC motor with encoder and
gears. Also there are 32 strain gauges in the sole of two legs to measure the ZMP. Since only the sagittal
motion is considered in this experiment, two degrees of freedoms in each leg that operates to control
the lateral direction motion, i.e. 1 DOF at the hip joint, and another 1 DOF at the ankle joint were
not used and were kept position-controlled in their initial states. The slave biped robot manipulator,
Tomas-k is shown in Fig. 4.4.
4.3.3 Modeling of master
As described earlier, master exoskeleton robot consists of four DoF of active joints and two passive
joints. In the left side of Fig. 4.5. the joints in red are the active joints that contribute to the sagittal
direction. Joints are in green are passive joints, which are used only to facilitate the operator to walk
during the experiment. θexo,1 to θexo,4 are the joint angles of respective hip and knee joints taken in to
account during the experiment.
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Figure 4.5: Simplified master system
The side view of the master system can be illustrated as shown in the right side of Fig. 4.5. mexo,1
and mexo,2 are the hip and knee joints of the exoskeleton and θexo,1 and θexo,2 are their respective joint
angles. lexo,1 and lexo,2 are the link lengths of the exoskeleton. The ankle point of the exoskeleton is
referred by xexo and zexo.
Joint angle vector in the joint space can be written as,
θresexo =
θresexo,1
θresexo,2
 . (4.8)
The ankle point vector in the work space can be written as,
Xresexo =
xresexozresexo
 . (4.9)
Furthermore,
Xresexo =
xresexozresexo
 =
 lexo,1 sin θresexo,1 + lexo,2 sin(θresexo,1 + θresexo,2)−lexo,1 cos θresexo,1 − lexo,2 cos(θresexo,1 + θresexo,2)
 . (4.10)
By taking the derivation of the above equation, following can be obtained.
X˙resexo =
x˙resexoz˙resexo
 = Jexo
θ˙res,1exo
θ˙res,2exo
 . (4.11)
Where Jexo is the Jacobian of the master exoskeleton system and,
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Figure 4.6: Simplified slave system
Jexo =
lexo,1 cos θresexo,1 + lexo,2 cos(θresexo,1 + θresexo,2) lexo,2 cos(θresexo,1 + θresexo,2)lexo,1 sin θresexo,1 + lexo,2 sin(θresexo,1 + θresexo,2) lexo,2 sin(θresexo,1 + θresexo,2)
 . (4.12)
For the acceleration references, it is possible to write the following equation after taking another deriva-
tion of the above equation.
X¨
re f
exo = Jexoθ¨
re f
exo + J˙exoθ˙
re f
exo. (4.13)
Since the robot joints are moving at slow speeds, the effect of J˙exoθ˙
re f
exo can be negligible. Therefore,
θ¨
re f
exo = J−1exoX¨
re f
exo . (4.14)
Furthermore it is possible to write the relationship between the torques in the joint space and the force
vector in the workspace as,
F resexo = J
−T
exoτ
re f
exo . (4.15)
4.3.4 Modeling of slave
The slave biped platform has 10 DoFs as previously explained. The simplified system is shown in Fig.
4.6. Even if all the joints are active joints, in this experiment, only the joints operated for the sagittal
direction are considered. These joints are indicated in orange in left of Fig. 4.6. The actuators marked
in green were kept zero position controlled at their initial positions. θbi,1 to θbi,4 are the joint angles of
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respective hip and knee joints taken in to account during the experiment. θank,1 and θank,2 are the angles
of ankle joints of right and left ankles respectively. The side view of the slave biped system is shown
in right of Fig. 4.6. mbi,1, mbi,2 and mank,1 are the hip, knee and ankle joints of the exoskeleton and
θbi,1 and θbi,2 are their respective joint angles. lbi,1 and lbi,2 are the link lengths of the biped robot. The
ankle point of the slave robot is referred by xbi and zbi. Similar to the modeling of the master system,
it is possible to write the following equations.
Joint angle vector in the joint space can be written as,
θresbi =
θresbi,1
θresbi,2
 . (4.16)
The biped’s ankle point vector in the work space can be written as,
Xresbi =
xresbizresbi
 . (4.17)
Furthermore,
Xresbi =
xresbizresbi
 =
 lbi,1 sin θresbi,1 + lbi,2 sin(θresbi,1 + θresbi,2)−lbi,1 cos θresbi,1 − lbi,2 cos(θresbi,1 + θresbi,2)
 . (4.18)
By taking the derivation of the above equation, following can be obtained.
X˙resbi =
x˙resbiz˙resbi
 = Jbi
θ˙res,1bi
θ˙res,2bi
 . (4.19)
Where Jbi is the Jacobian of the slave biped robot and,
Jbi =
lbi,1 cos θresbi,1 + lbi,2 cos(θresbi,1 + θresbi,2) lbi,2 cos(θresbi,1 + θresbi,2)lbi,1 sin θresbi,1 + lbi,2 sin(θresbi,1 + θresbi,2) lbi,2 sin(θresbi,1 + θresbi,2)
 . (4.20)
For the acceleration references, it is possible to write the following equation after taking another deriva-
tion of the above equation.
X¨
re f
bi = Jbiθ¨
re f
bi + J˙biθ˙
re f
bi . (4.21)
Since the robot joints are moving at slow speeds, the effect of J˙biθ˙
re f
bi can be negligible. Therefore,
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θ¨
re f
bi = J
−1
bi X¨
re f
bi . (4.22)
Furthermore it is possible to write the relationship between the torques in the joint space and the force
vector in the workspace as,
F resbi = J
−T
bi τ
re f
bi . (4.23)
For the ankle joint controller, following position command is fed.
θ
re f
ank = S1
θresbi,1
θresbi,2
 = θresbi . (4.24)
Where,
S1 =
[
1 −1
]
. (4.25)
4.4 Control
4.4.1 Control of hip and knee
As discussed above, the control of this biped is based on bilateral control between the master exoskele-
ton and the slave biped robot. For this, a four channel acceleration based bilateral controller is used.
Joint positions and forces in master side are sent to the slave side and vice versa. Control targets for
the hip and knee joints of master system and slave system can be written as,
1
s2
(
X¨resexo − X¨resbi
)
= Xdi f f = 0, (4.26)
K f ,biF resexo + F
res
bi = Fcom = 0. (4.27)
Here, Xdi f f refers to the differential mode of the position and Fcom refers to the common mode of the
force. There is a torque scaling factor, K f ,bi = 2 before the F resexo term in the equation (4.27). This is
due to the limitation of the motors used in the exoskeleton. Because of this scaling factor, the torques
in the master exoskeleton side will become 0.5 times than the torques of the slave biped side. The main
reason for introducing such a torque scaling factor is due to the torque limitation of the actuators used
in the exoskeleton robot.
The acceleration reference for the master exoskeleton robot, θ¨re fexo can be written as,
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θ¨
re f
exo = J
−1
exo
(
Cp(s)Xdi f f + C fFcom
)
, (4.28)
where, Cp(s) and C f are the position and the force controller respectively. Similarly, acceleration
reference for the slave biped robot, θ¨re fbi can be written as,
θ¨
re f
bi = J
−1
bi
(
−Cp(s)Xdi f f + C fFcom
)
. (4.29)
Here,
Cp(s) = Kp + sKv, (4.30)
and,
C f = K f . (4.31)
Here, Kp, Kv and K f are the position, velocity and force gain respectively. Workspace coordinate
based structure of the total control block diagram is shown in Fig. 4.7. The gains of the controller are
determined by trial and error method.
4.4.2 Control of the ankle joint of the biped
The slave biped robot’s ankle is separately controlled, based on variable compliance controller.
In the real situation, there are limitations in the joint actuators and the robots mechanical structure.
Therefore, if a fixed compliance is used, it will generate the commands beyond the practical limits.
Therefore, it is necessary to have limiting function such as a hyperbolic function. This is shown in Fig.
4.8A. Even if in the landing phase of the leg it is necessary to have a hyperbolic compliance, in the
swinging phase of the leg, it is necessary to perfectly track the masters position command. Therefore,
to satisfy both conditions, a variable compliance controller is proposed for the ankle joint controller.
The behavior of this variable compliance is shown in Fig. 4.8B. To observe the behavior, two motors
were coupled together and one motor was taken as the active motor to apply a force input shown in Fig.
4.8C to a passive motor which is zero position controlled with variable compliance controller. Then
the red colored plot in Fig. 4.8D can be obtained as the passive motors position response. In contrast to
the typical fixed compliance response shown in green plot of Fig. 4.8D, obtained for the same torque
input, the variable compliance controller will make the joint compliant when the τ loadank > 0 and, zero
compliant when the τ loadank < 0. This is later given in equation (4.34).
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Figure 4.7: Control block diagram of the complete system
Acceleration reference for the ankle joint, θ¨re fank can be written as,
θ¨
re f
ank = Kp(θ
re f
ank − θresank − θre fcomp) + Kv(θ˙re fank − θ˙resank − θ˙re fcomp) − θ¨re fcomp. (4.32)
Equation of the variable compliance controller can be written as,
KcC f ,cτ loadank = Mcθ¨
re f
comp + Dcθ˙
re f
comp + Kcθ
re f
comp, (4.33)
where, C f ,c is the variable compliance gain and,
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Figure 4.8: Plots of the compliance test
C f ,c =
C f0 arctan(sinh(acτ loadank )) (τ loadank > 0)0 (τ loadank < 0) (4.34)
Here, Kc and ac are arbitrary constants. Mc, Dc and Kc denote mass damper and spring constant of
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Figure 4.9: Block diagram of the ankle joint controller
the virtual compliance respectively. With this variable compliance controller, it is possible to obtain
variable compliance for the ankle joint. The state of the variable compliance gain, C f ,c is determined
by the force sensor information obtained from each leg.
Equation (4.33) generates the required compliance command based on the virtual system of mass,
spring, damper system. Using Equation (4.33), variable force feedback gain based on load torque of
the ankle is achieved. If the foot is placed on ground, the first condition of equation (4.34) is satisfied.
Thereby, impulse reduction of landing phase is realized. If τ loadank is smaller, mainly the trajectory
tracking is achieved. If τ loadank is larger, impact reduction is achieved mainly.
Ankle controller of the biped is shown in Fig 4.9. Controller parameters are shown in Table 4.1.
Parameters of the compliance controller was chosen by trial and error method to minimize the jerk
during the touch down phase of the leg.
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Table 4.1: Controller parameters
Parameter Value
Kp 1600 s−2
Kv 80 s−1
K f 1.0 kg−1
Mc 3.0 kg
Kc 10000 Nm−1
Dc 1000 Nsm−1
Sampling time 1.0 ms
DOb cutoff frequency 300 rads−1
Figure 4.10: Experimental setup
4.5 Results and discussion
4.5.1 Haptic based walking
Experiments were carried out by wearing the exoskeleton robot and walking. When the operator walks
biped robot also walks synchronously in real time with the use of haptic information. Four channel
acceleration based bilateral control was used to transmit the force and position information between
the master exoskeleton and slave biped robot system. When the two systems are in operation, master
system can recreate the haptic information of the slave side. Thereby, the operator can feel the slave
robot’s environmental information. When the robot is about to lose the balance, or change the walking
environment, the operator can feel the same and take necessary movements accordingly. As explained
earlier, this experiment was conducted in the sagittal direction and the lateral motion of the slave biped
robot was constrained and supported by two guided rails in either side. These rails were used only
to support the biped in the lateral direction and they have no any effect on the sagittal motion. The
experimental setup is shown in Fig. 4.10.
Position response results obtained from the experiments are shown in Fig. 4.11A to Fig. 4.11H. Fig.
4.11A shows the position tracking between the left hip joints of the master exoskeleton robot and the
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(D) Position tracking of the right knee joints of biped and exoskele-
ton
slave biped robot. The red line shows the position response of the exoskeleton robots hip joint and the
green line shows the slave biped robot hip joints position response. It is clearly seen that the position
tracking between the left hip joints has been achieved.
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Figure 4.11: Experimental results: Position response
Fig. 4.11B, 4.11C and Fig. 4.11D show the position tracking of right hip joint, left knee joint and
right knee joint between the two systems respectively. Red lines show the joint responses of the master
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exoskeleton robot and the green line show the joint responses of the slave biped robot. From those
figures, it is shown that the position tracking of the joints of the two systems have been achieved. This
means, the synchronous operation between the two systems has been achieved. Position responses
of Fig. 4.11A and Fig. 4.11B are in the negative direction whereas responses of Fig. 4.11C and Fig.
4.11D are in the positive direction due to the differences in the direction of joint response measurement.
The green line of Fig. 4.11E shows the ankle response of the left leg of the biped robot. The red line
shows the summation of the left knee and left hip joint angles as the total joint angle response of the
exoskeleton robot. From the graph, it is clear that the response of the total joint angles of exoskeleton
and the biped ankle response are equal and opposite. Which means, the ankle joint has acted in a way
that the sole of the foot was kept parallel to ground during the experiment. Fig. 4.11F shows the same
of the right side ankle of the biped and the total joint angle response of right side hip and knee joints
of the exoskeleton robot. Therefore, it is clear that the right foot’s sole was also maintained parallel
to ground during the experiment. Position tracking of the left ankle points of the exoskeleton and the
biped robot, i.e. position tracking between xexo and xbi are shown in Fig. 4.11G. Red line shows the
position of the exoskeleton and the green line shows the position of the biped robot. From the graph, it
is clear the position tracking between the left ankles joint positions of exoskeleton and biped has been
achieved. Fig. 4.11H shows the position tracking of the right ankle joint of the exoskeleton robot and
the biped robot. Form these graphs, it is clear that the slave biped robot’s ankle joints have tracked the
ankle joints of the master exoskeleton robot.
Small deviations in the position tracking between the joints of the exoskeleton and the biped robot was
due to the slight slipping of the exoskeleton fixed to the human body while walking. Fig. 4.12 shows
the experimental instances of walking. Due to the limitations of the experimental setup, it was not
possible to perform the experiment with a blind wall in between the slave biped robot and the master
exoskeleton robot.
Fig. 4.13 shows the experimental results of the force responses and the ZMP plot of the biped robot.
Fig. 4.13A shows the torque response of the left hip joint of the exoskeleton and the biped robot.
Here the red line shows the torque response of the exoskeleton robot whereas the green line shows
the torque response of the biped robot. From the responses it is clear that the green plot is two times
larger and opposite than the red plot. This is because, there was a torque scaling of 1:2 between
master exoskeleton robot and the slave biped robot due to the torque limitation of the actuators of the
exoskeleton robot. This ratio can be changed by choosing the desired value for K f ,bi. Fig. 4.13B, Fig.
4.13C and Fig. 4.13D show the torque responses of the right hip joint, left knee joint and the right knee
joint of exoskeleton and biped robot respectively. From these plots, it is clear that the torque responses
of the biped robot joints are two times larger and opposite in direction than the exoskeletons joints.
These torque responses confirms the achievement of the torque control target, i.e. the low of action and
reaction given in the equation (4.27). When setting up the parameters for the controller, disturbance
39
Chapter 4. Biped locomotion based on haptics
(A) Start (B) 4 s
(C) 6 s (D) 8 s
(E) 10 s (F) 12 s
(G) 14 s (H) 16 s
Figure 4.12: Experimental instances of walking
observer was tuned with lower nominal inertia than the actual inertia of the slave side of the system.
Thereby, the inertial torques effect was reduced [52].
Fig. 4.13E shows the ZMP of the biped together with the boundaries. The red line shows the movement
of ZMP and the blue and greens lines show the upper and lower boundaries respectively. It is clearly
seen that the ZMP plot of the biped walking is within the boundaries and hence it is clear that the biped
robot has walked without losing the stability. The ZMP response is noizy due to the noize presented
from the force sensors. Also, it does not have sharp steps because of the limitation of the master’s
structure. Due to this reason, a little constrained motion is transmitted to the slave side. Even if there
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is variation in the ZMP response, it is inside the boundaries i.e. the walking was stable. Furthermore,
the visual feedback was helped to stabilize the biped robot’s walking motion.
In the proposed method, the balance of the slave biped robot is maintained by human. The user wearing
the master exoskeleton robot and the slave biped robot walks in the same environment. Humans walk is
dynamic and he can balance himself when falling. Since the human get the haptic information from the
slave side, when the slave biped robot is about to fall, human can also feel it. Then the human can take
necessary actions to regain the balance. Therefore, the biped robot will become stable. Furthermore,
the variable compliance controller installed in the ankle joint reduces the impact force in the landing
phase making it smoother. The haptic information transfer is achieved by transmitting the joint angle
information and the joint torque information from the master to the slave and vice versa. Therefore,
haptic information based biped walking together with the ankle compliance guarantees the stability of
biped walking.
4.5.2 Reproduced motion
These Experiments were carried out in order to verify the robustness of the system against the external
disturbances. The slave biped robot platform has a maximum payload carrying capacity of 1kg. there-
fore, 0.5kg and 1.0 kg load carrying instances were considered. Since it has to be easier to compare the
results of load carrying instances with the normal instance, the biped walking response results shown
in the green line of Fig. 4.11A to Fig. 4.11F were used as the command for the reproduced motion.
Therefore, the shapes of the position response figures from Fig. 4.14A to Fig. 4.14F looks similar to
the previous plots in Fig. 4.11. All figures of Fig. 4.14 have the plots N for normal case without any
external load, 0.5 for the case where robot carried 0.5 kg and 1.0 for the case where the robot carried
1.0 kg.
When considering about the position tracking performances in the normal case shown in light green
line, i.e. without any external weight on the body, with the 0.5 kg case shown in purple line and the 1.0
kg case shown in black line, it is clear from the graphs that they have tracked each other considerably
well in spite of the external disturbances. The minor deviations in the position tracking has been caused
by the friction forces of the gears of the joints of the biped robot. Therefore, it is clear that the proposed
system is robust in The measured ZMP responses is shown in Fig. 4.14G validates the balance of the
biped robot while walking, since the ZMP responses of normal case, 0.5 Kg case and 1.0 Kg case
lies between their respective upper and lower ZMP boundaries. Therefore, the robustness against the
external disturbances were guaranteed.
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4.5.3 Walking performance
If an automatic control is used to control the biped robot, the controller needs to perform some com-
putation to adapt to the environment. However, in this method, the robot walking is achieved by direct
motion transmission with haptics with the use of an exoskeleton robot. Human has an intuitive ability
of walking and adaptation to environment. Therefore, stable walking can be achieved without taking
time for complex computation, which itself is an increase in walking performance. Furthermore, with
the use of the same computer system, authors have experimentally verified that the haptic based system
can operate with a control loop sampling time of 0.1 ms control whereas the automatic control requires
at least 1 ms of sampling time for its control loop. That is ten times faster than the automatic control
system. Therefore this proposed method can operate with enhanced performance.
4.5.4 Human fatigue
If the walking trajectory of the biped robot is generated using the haptic information of the master
operator, the master also feels the operational force of the two systems. However, with the use of force
scaling and a lower inertia value for the system modeling of the disturbance observer, it is possible
for the operator to feel a lower operational force, thus making it easier to operate the system with less
fatigue.
4.5.5 Operating on different environment
It is expected that in the actual situation, two systems may have to operate in different environments.
To confirm the ability of the proposed controller some experiments were carried out with the use of
saved walking motion data of the master exoskeleton on the flat ground. However, the complexity of
this experiment was limited due to some limitations of the experimental system. However, according
to the data obtained with the proposed variable compliance controller, it was possible to obtain a stable
walking for the unknown terrain in the biped robot side with the obstacles of up to 1cm in height.
Authors believe that if the biped robot is developed further, it will be possible to obtain stable walking
for more complex terrains in the biped robot side.
4.5.6 Energy efficiency
If the biped robot is controlled using the automatic control, it will be necessary to apply some more
power on the actuators to follow the trajectories generated by the planning algorithm. Furthermore, it
is required to maintain the knee-bent posture to avoid singularity arrangement which also require more
power on the hip, knee and ankle joints to counteract the weight of the robot. However, with the use of
proposed walking methods, the walking trajectory is defined by the human, and because of that reason,
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Table 4.2: Motion variance
Experiment
Variance (rad2)
Right Hip Right Knee Left Hip Left Knee
1 6.94x10−3 2.18x10−2 1.32x10−2 2.83x10−2
2 1.31x10−2 3.06x10−2 1.23x10−2 3.46x10−2
3 9.51x10−3 2.34x10−2 1.41x10−2 3.24x10−2
4 8.48x10−3 1.65x10−2 1.03x10−2 2.63x10−2
5 1.22x10−2 2.95x10−2 9.97x10−3 3.28x10−2
6 1.13x10−2 2.08x10−2 1.18x10−2 3.63x10−2
7 1.04x10−2 2.12x10−2 1.05x10−2 2.64x10−2
8 7.95x10−3 1.81x10−2 1.07x10−2 2.34x10−2
9 1.11x10−2 2.66x10−2 2.11x10−2 3.96x10−2
10 1.27x10−2 2.61x10−2 1.048x10−2 2.11x10−2
a knee stretched walking can be achieved, without worrying about the singularity issue that occurs
in the case of automatic control. This is an added advantage, since the weight of the robot can be
supported by the singularity arrangement of the legs, which requires very low power. Therefore, from
the viewpoint of energy efficiency, the proposed method is more energy efficient than the traditional
walking methods.
4.5.7 Motion variance
10 walking trials for the experiment were conducted and obtained walking data. Variances of each
joint for 10 experiments are shown in table 4.2. In each of the experiments, it was possible to obtain
a stable walking. From the above table it is clear that the variances of each joint are so small. This
shows that the data of joint angles are much close enough to the mean of each joint angle responses.
4.6 Chapter summary
This chapter proposed a novel method for biped locomotion based on haptics together with synchro-
nized motion transmission from human via a master exoskeleton robot. In the conventional methods,
biped robots require high computational power and complex controllers together with dynamic models
and specific trajectory planning methods. But this method does not require such methods, and the
biped walking is achieved by direct transmission of haptics data with the use of an exoskeleton robot
in real time. This is because, in the conventional biped robot control, computational power is required
to perform inverse kinematics, trajectory generation and balancing criteria. However, in this proposal,
a controller based on the bilateral control architecture is used which requires a lower computational
power than that of the automatic control of biped robots. The proposed method uses the four channel
bilateral control scheme with disturbance observer. With the use of this method, the operator can feel
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the remote environment while enabling the biped robot to maintain a stable walking. Robustness of the
proposed method for the external disturbances is also validated in two load carrying instances. Also a
knee stretched walking can be achieved with increased performance. Since this method is a determin-
istic method, it can be easily used to copy the human motion to a biped robot simultaneously. Results
obtained from the 2D walking experiments carried out for the proposal show its validity. As the future
work, it is expected to consider time delay in between the two systems and evaluate the behavior.
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Figure 4.13: Experimental results: force responses and ZMP response
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(A) Position tracking of the left hip joint during reproduced motions
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Figure 4.14: Experimental results of reproduced motion
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Chapter 5
Performance and accuracy enhancement
5.1 Introduction
This chapter provides the details of backlash cancellation presented in the gear trains and thrust wired
systems that are used in haptic applications. Also it presents a unique method to cancel the backlash
present in geared drive systems and thrust-wire systems. Large-sized robots need larger actuators with
a high inertia to obtain the desired amount of torque. However, the use of large actuators will increase
the effect of gravity. To compensate for the gravitational effect, motors with a high torque are again
necessary. Therefore, geared drive systems are used to obtain higher torques and decrease the actuator
size. However, adding gears will create a backlash problem. Moreover, when it is necessary to make
lighter robots, thrust wires can be used to transmit the motion from the motor to the end effector while
keeping them separated. However, the mechanical backlash inside the thrust wire is again a matter of
concern. If geared systems and thrust-wire systems are used for the transmission of haptic information
in bilaterally controlled systems, the backlash will greatly deteriorate the performance of the system
and necessitate compensation. Therefore, a novel method is proposed to uniquely cancel the backlash
in the gears and thrust wires used in bilateral teleoperation with twist control. This method uses two
identical counter-operating drives per joint to compensate for the backlash effect with a unique control
structure that can be used in both geared systems and thrust-wire systems. Experiments have been
carried out for the proposed method to validate its accuracy.
5.2 Modeling
Under this section, gear backlash modeling and thrust wire backlash modeling are presented. following
to that, the proposed method and mathematical modeling are also presented.
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Figure 5.1: Gear backlash
Figure 5.2: Cross section of the thrust wire
Table 5.1: Specification of the thrust wire
Outer tube Inner wire Gap [mm]
[ φouterin − φinnerout ]/2
Length
[mm]φouterout [mm] φ
outer
in [mm] φ
inner
out [mm]
3.0 1.4 1.2 0.1 1500.0
5.2.1 Gear backlash
Gear backlash is the presence of space between the teeth of two meshing gears. This space occurs due
to the imperfect meshing between the gear wheels. This phenomenon is shown in Fig. 5.1. Here, one
side of tooth Q is in contact with tooth P, however the other side of the tooth Q is not in contact with
the tooth R of gear 1. Therefore there exist a space between the tooth Q and tooth R and it is called
as the gear backlash. This makes a problem of transferring the position and torque if the velocity of
either driving wheel or driven wheel is changed.
5.2.2 Thrust wire backlash
Thrust wire consists of an outer tube and an inner wire. The cross section of the thrust wire used is
shown in Fig. 5.2 and the measured dimensions of the wire are listed in table 5.1. There is an air gap
exists between the inner wire and the outer tube of a thrust wire. The outer tube guides the inner wire,
so that both pushing and pulling motion for the inner wire can be realized.
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(A) Backlsh due to pushing and pulling
(B) Backlash due to bending
Figure 5.3: Backlash occurrence inside a thrust wire
There are several reasons for the backlash to occur inside a thrust wire. One reason is the clearance
between the inner wire and the inner wall of the outer tube. This allows the inner wire to bend inside
the outer tube when the wire is pushed. Since the inner wire consists of twisting several strands, the
length of the inner wire is slightly shorter than that of it when the wire is pulled by applying a tension.
Also, wire strands become more loosen and the wire becomes shorter when the wire is pushed. This
phenomenon is illustrated in the Fig. 5.3. If a bending of the thrust wire is concerned, the inner wire
will be in different positions inside the outer tube depending on the applied force. This is shown in Fig.
5.4. Above mentioned problems causes the backlash of the thrust wire. When the backlash is present,
it affects the transmission of the position information from one end to the other. This greatly affects if
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(A) Proposed solution for gear case
(B) Proposed solution for thrust wire case
Figure 5.4: Proposed solutions
the application considered is related to the haptics or the transmission of tactile information. Especially
when the thrust wire movement direction changes the presence of the backlash causes a considerable
position error. Therefore a compensation for the backlash is necessary.
5.2.3 Proposal
The proposed method can uniquely cancel the backlash in both gear case and the thrust wire case as
it keeps the two slave drives in an interlocked state by maintaining counteracting constant torque or
force, while operating in an output torque or force sharing principle. In the gear case, a constant torque
between the very first gear to the very end gear is maintained by using two motor drives to achieve the
backlash cancellation. The two motors apply constant counter acting torque, named twisting torque
over the gear system to eliminate the gaps presented between the teeth of the gear wheels. The so–
called Twisting torque is generated by twist control of the proposal. This enables the elimination of
the complete backlash of the whole cascaded gear system. The proposed controller is designed in a
way that the slave motors share the load torque of the slave side based on the direction of rotation.
This can also be considered as a modified case of tension control for the tendon driven systems [53]
[54]. This idea is illustrated in Fig. 5.4. Here, slave 1 and slave 2 are the slave motors attached gears
that are counter operating. Slave 1 gear and its adjacent green colored gear represent the all the gears
inside gearbox 1. Likewise, the slave 2 gear and its adjacent green colored gear represent the all the
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Figure 5.5: Proposed method
gears inside the gearbox-2. For the modeling purpose of this concept, the position measurement and
the torque measurement directions were used as positive in the directions marked in the Fig. 5.4A. In
this proposal, the main objective is to obtain a backlash–free bilateral motion from the actuator to the
end effector of the robot. Therefore, the cost and the total weight of the system is a trade off.
When considering the thrust wire case, the backlash of a thrust wire does not affect much for the
performance, if the thrust wire is used to apply a continuous action of either pulling or pushing of an
object. Considering this phenomena into account, two thrust wires of the slave actuators are laid in
parallel and kept one wire tensed and the other pushed while the operation to cancel the backlash as
shown in Fig. 5.4B. Here also, two slave actuators maintain a constant force to keep the two thrust
wires in an interlocked state while the force is shared according to the direction of motion similar to
the gear backlash cancellation method.
Because of the similarity in operation, controlling of the geared drive system and thrust wire system
are achieved by a similar control structure to uniquely cancel the backlash problem of two systems.
5.2.4 Mathematical modeling
For the convenience, let us consider a cascaded gear system for the modeling. Since there are two
motor drive systems are supporting the common load and a coupling between two motor drives is also
presented, detailed diagram for analysis can be illustrated as in Fig. 5.5. For the purpose of clarity,
most important gear tooth of the gears are only shown in the figure. Gear 1 of motor 1 (GM11 ) is the
gear that is directly attached to the shaft of the Motor 1. GM12 represents all the gears placed in between
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GM11 and the common gear (Gcom). The other gears represent the respective gears that belong to the
motor 2. According to the Fig. 5.5, equation for the motor 1 can be written as,
JM1θ¨M1 + bM1θ˙M1 = M1τM1 − G1τM1G1 . (5.1)
Equations for gear 1 of motor 1 and gear 2 of motor 2 can be expressed as,
JM1G1 θ¨
M1
G1 + b
M1
G1 θ˙
M1
G1 =
G1τM1G1 −
NM1G1
NM1G2
G2τM1G2 , (5.2)
JM1G2 θ¨
M1
G2 + b
M1
G2 θ˙
M1
G2 =
G2τM1G2 − τM1com. (5.3)
But,
θM1G1 = θM1, (5.4)
and
θM1G2 =
NM1G1
NM1G2
θM1. (5.5)
Therefore, the motor 1 equation can be rewritten as,
JM1 + JM1G1 + NM1G1NM1G2 JG2
 θ¨M1 + bM1 + bM1G1 + NM1G1NM1G2 JG2
 θ˙M1 = M1τM1 − β1 τM1com. (5.6)
And similarly, for the motor 2
JM2 + JM2G1 + NM2G2NM1G2 JG2
 θ¨M2 + bM2 + bM2G1 + NM2G1NM2G2 JG2
 θ˙M2 = M2τM2 − β2 τM2com. (5.7)
Where,
β1 =
NM1G1
Ncom
, (5.8)
and
β2 =
NM2G1
Ncom
. (5.9)
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For the common gear,
Jcom θ¨com + bcom θ˙com = τcom − τload = τM1com − τM2com − τload. (5.10)
Here,
θcom = θ
M1
com − θM2com =
NM1G1
Ncom
M1 −
NM2G1
Ncom
θM2. (5.11)
For the simplicity, we can write,
J∗M1θ¨M1 + b
∗
M1θ˙M1 =
M1τM1 − β1 τM1com, (5.12)
J∗M2θ¨M2 + b
∗
M2θ˙M2 =
M2τM2 − β2 τM2com, (5.13)
Jcom
(
β1θ¨M1 − β2θ¨M2
)
+ bcom
(
β1θ˙M1 − β2θ˙M2
)
= τM1com − τM2com − τload. (5.14)
Take,
θM1 =
NM2G1
NM1G2
θM2 = β3 θM2. (5.15)
Therefore, we can write:
[(
Jcomβ1 + J∗M1β
−1
1
)
−
(
Jcomβ2 + β−12 J
∗
M2
)
β−13
]
θ¨M1 +[(
bcomβ1 + b∗M1β
−1
1
)
−
(
bcomβ2 + β−12 b
∗
M2
)
β−13
]
θ˙M1 = β
−1
1
M1τM1 − τload. (5.16)
And,
[(
Jcomβ1 + J∗M1β
−1
1
)
β3 −
(
Jcomβ2 + β−12 J
∗
M2
)]
θ¨M2 +[(
bcomβ1 + b∗M1β
−1
1
)
β3 −
(
bcomβ2 + β−12 b
∗
M2
)]
θ˙M1 = −β−12 M2τM2 − τload. (5.17)
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5.2.5 System control
For the controlling of the system, following transformation matrices were used. From the actuator
space to the modal space the position tracking and the law of action and reaction is also to be realized.
By considering the directions of torques and angular position of Fig. 5.5, when both position and
torque are in the same direction it will be the joint torque. When the torque and position are in the
same directions, the torque will be twisting torque. Based on that, the transformation matrix TAJ can
be written as 5.18. Also the transformation between the modal space and the joint space has the twist
control of the two gear systems. Therefore the transformation matrices can be written as 5.19.
TAJ =
1 −11 1
 , (5.18)
TJM =
1 11 −1
 . (5.19)
Here TAJ denotes the transformation matrix between actuator space and the modal space. TJM denotes
the transformation between modal space and joint space. TAJ is used to transform the torque and the
position responses of slaves to the corresponding modal space parameters as shown in 5.20. TJM is
used to transform the modal space position and slave responses of master and slave actuators to obtain
the joint space torque responses as shown in 5.21.
Therefore,
TAJ
τress1 θress1
τress2 −θress2
 =
1 −11 1

τress1 θress1
τress2 −θress2

=
τress, joint ∗
τress,twist θ
res
s, joint
 . (5.20)
And,
TJM
τresm, joint θresm, joint
τress, joint θ
res
s, joint
 =
1 11 −1

τresm, joint θresm, joint
τress, joint θ
res
s, joint

=
τrescom ∗∗ θresdi f
 . (5.21)
The twist control is achieved in the differential mode while the torque transmission for the bilateral
control is achieved in the common mode in the actuator space. Elements denoted by “∗” of the above
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Figure 5.6: Control block diagram
matrices are not considered for the calculations. Angular acceleration reference for the master manip-
ulator in the joint space can be written as,
θ¨
re f
m, joint =
1
2
Cp(θcmddi f f − θresdi f f ) +
1
2
Cτ(τcmdcom − τrescom). (5.22)
Here Cp and Cτ denotes position gain and torque gain respectively. θcmddi f f and τ
cmd
com are zero commands
for the position of the differential mode and the torque in the common modes according to the control
goals of the bilateral control.
Angular accelerations for the slave manipulators can be written as,
θ¨
re f
s1 =
1
2
[
− 1
2
Cp(θcmddi f f − θresdi f f ) +
1
2
Cτ(τcmdcom − τrescom)
+ Ctwist(Ks,twist
∣∣∣∣τress, joint∣∣∣∣ − τress,twist + τcmdtwist)], (5.23)
θ¨
re f
s2 =
1
2
[1
2
Cp(θcmddi f f − θresdi f f ) −
1
2
Cτ(τcmdcom − τrescom)
+ Ctwist(Ks,twist
∣∣∣∣τress, joint∣∣∣∣ − τress,twist + τcmdtwist)]. (5.24)
Here, Ctwist is the twist constant and the effect of generated torque can be adjusted by changing Ks,twist.
τcmdtwist denotes twist command. In both 5.23 and 5.23 last terms are meant for the twist control. By
using the twist control, a constant twisting torque is maintained in between the two slaves to cancel the
backlash, as described in the previous section.
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Figure 5.7: Nominalized block diagram
The control block diagram is shown in Fig. 5.6. Here, the master, slave-1 and slave-2 consist of the
Disturbance Observer (DOB) and the Reaction Torque Observe (RTOB) inside. The τress, joint value is
multiplied by -1 if it is less than zero, to get the modulus value to the Twist control part of the controller.
Since the controller is based on acceleration, the transformed acceleration values from the modal space
to the actuator space is sent as the inputs to the master and slaves through the inverse transformation
matrix T−1AJ . The outputs of the transformation matrix TJM are fed back to the position control part and
the torque control part of the controller.
5.2.6 Analysis
The nominalized block diagram of a slave motor 1 together with the coupling effects can be illustrated
as shown in Fig. 5.7. Because of the presence of the disturbance observer, the effect of internal distur-
bances and the external disturbances will be cancelled off. Only the load torque will be estimated by the
reaction torque observer. It is possible to easily show the sensitivity of the system to the disturbance,
since the sensitivity function is just the high pass filter of the nominalized model. Bode magnitude
plots of different cutoff frequencies are shown in Fig. 5.8.
5.3 Results and discussion
Experiments were carried out for both gear backlash cancellation and thrust wire backlash cancella-
tion under the parameter values given in Table 5.2. For the gear backlash cancellation experiment, a
planetary type gearbox having a speed reduction ratio of 43:1 was used on behalf of the cascaded gear
arrangement. System assembly and the experimental setup for the gear experiment are shown in Fig.
5.9A, Fig. 5.9B and Fig. 5.10 respectively while Fig. 5.11A, Fig. 5.11B and Fig. 5.12 show those
of the thrust wire experiment. The system assembly of the gear experiment consists of three encoder
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Figure 5.8: Sensitivity of the system for external disturbance
Table 5.2: Parameter values for the geared system
Parameter Value
Position feedback gain 1600 s−2
Velocity feedback gain 80 s−1
Force feedback gain 1.0
Cutoff frequency of DOB 80 rads−1
Nominal inertia 3.5x10−5 kgm2
Nominal motor constant 0.5 NmA−1
Constant force 0.05 Nm
attached geared rotary motors with two actuators as slaves and the other as the master. The master
actuator is used to interact with the end effector through bilateral control. The two slave geared motors
are connected together in a way that they are coaxial as shown in Fig. 5.9A. The thrust wire system
assembly consists of three linear motors with two actuators as slaves. Here also, the master actuator
is used to interact with the end effector. The two slave motors are connected to the two thrust wires
which are clamped in parallel as shown in Fig. 5.11A.
In the conventional method experimental case, one slave actuator is used. The experiments were carried
out for both free motion and contact motion. For the thrust wire setup, the experiment was carried out
for two cases as 0 degree case and 90 degree case with a bending radius of 300 millimeters. In all
the experimental cases of both gear and thrust wire backlash cancellation, the master manipulator was
moved in the periodic motion and observed the motion of the end effector for the proposed method
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(A) System assembly
(B) experimental cases
Figure 5.9: System assembly and experimental cases for gear
Figure 5.10: Experimental setup of gear backlash cancellation
and the conventional method. The position responses of the master and slave and their errors are
compared in the figures to show the reduction of the backlash errors of the proposed method. Also
the corresponding torque/force responses obtained for the proposed method are shown to confirm the
achievement of bilateral control between the master and the end effector along with the twist/thrust
control. Here, torque/force figures are shown only for the proposed case as the main objective of the
experiments is to show the performance of the proposed backlash canceling bilateral control system.
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(A) System assembly
(B) experimental cases
Figure 5.11: System assembly and experimental cases for thrust wire
Figure 5.12: Experimental setup of thrust wire backlash cancellation
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5.3.1 Gear backlash cancellation
Fig. 5.13 shows the comparison of results obtained for the conventional method and the proposed
method under the free motion while Fig. 5.14 shows the comparison of results obtained for the con-
ventional method and the proposed method under the contact motion. For the free motion case there
was about 3 times reduction of the backlash on the proposed method over the conventional method.
The backlash error was almost less than 0.1 radians in the proposed method while in the conventional
case it was about 0.3 radians. The angular position tracking between the master and the end effector
was almost well followed in the proposed method.
The torque response graph of the free motion verifies the achievement of the twist control in the pro-
posed method. The green and red lines are the torque responses of slaves and it can be seen that the
response value has a limit from which the torque values of the two slaves do not go below to the zero
level. This verifies that the two slaves always maintained a counteracting torque keep the whole gear
system in a torsional state. Therefore the twist control is achieved. The blue line shows the torque
response of the end effector, which is the summation of the two torque responses of two slaves. Pink
line shows the torque response of the master, which is almost equal and opposite of the blue line, i.e.
the end effector torque response. Therefore it validates the achievement of low of action and reaction.
Since the position tracking and the achievement of low of action and reaction are realized between the
master and the end effector, the bilateral control is achieved in the free motion case.
In the contact motion there is a significant difference in the error in the above two instances. When
the contact motion angular position responses are concerned for both conventional method and the
proposed method under the contact motion in Fig. 5.14, it can be clearly seen the reduction of the error
up to three times than that of the conventional case. In the conventional case the backlash is about
0.5 radians, while in the proposed method, it is about 0.15 radians. As in the case of free motion,
the torque response figure corresponding to the contact motion consists of the force responses of two
slaves, end effector and the master. As described in the free motion case, here in the contact motion
also the achievement of the twist control and the low of action and reaction are realized.
As the position tracking and the achievement of low of action and reaction are realized between the
master and the end effector in the contact motion also, the bilateral control is achieved. Therefore it is
evident that this proposed method contributes for the reduction of the backlash error up to three times
than that of the conventional case in both free motion and contact motions under bilateral teleoperation.
61
Chapter 5. Performance and accuracy enhancement
(A) Conventional method: Position response
(B) Proposed method: Position response
(C) Proposed method: Force response
Figure 5.13: Experimental results of free motion
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(A) Conventional method: Position response
(B) Proposed method: Position response
(C) Proposed method: Force response
Figure 5.14: Experimental results of contact motion
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5.3.2 Thrust wire backlash cancellation
The same control system that was used to cancel the backlash of the geared systems can also be used
to cancel the backlash by changing the torques and the angular position to force and the position
respectively for this case. It is possible to do so, due to the similarity of the modeling of the two
systems and their concepts from the inception. Therefore, it is possible to solve the backlash problem
of the thrust wires quite similar to the gear backlash cancellation with a unique control structure.
Fig. 5.15 and Fig. 5.16 shows the comparison of results obtained for the conventional method and the
proposed method, i.e. the 0 degree case while Fig. 5.17 and Fig. 5.18 shows the comparison of results
obtained for the conventional method and the proposed method under the case 2, i.e. the 90 degree
case.
Even under these cases, the responses of the position and force were considered for free motion and the
contact motion. For the non-contact motion of both cases there was not any significant error difference
in the backlash even with only the single thrust wire. The position tracking between the master and the
end effector was almost well followed. This is because of the lower force acting against the movement
of the inner wire even in the single wire instance. However if the error difference is carefully analyzed
it can be seen that there is an improvement of about 4 times in the error reduction for the proposed
method.
In the contact motion there is a significant difference in the error in the above two instances. When the
contact motion position responses are concerned for both 0 degree case and the 90 degree cases in Fig.
5.16 and Fig. Fig. 5.18 respectively, it can be clearly seen the reduction of the error up to five times
than that of the conventional case. Therefore it is evident that this proposed method contributes for the
reduction of the backlash error up to five times in each case. Especially in Fig. 5.18, the increment of
the error between the master and the end effector in the contact motion for the conventional method is
clearly visible. Even at that instance the proposed method shows good position tracking, making the
error to be a minimum.
When the force responses for the proposed method of master and two slaves in each case are consid-
ered, it is clear that the force values of the two slaves always manage a constant force value from which
the force value does not go below. This verifies the achievement of the thrust control for this proposed
method. Since the master response is equal and opposite to the summation of the force responses of
the two slaves, it verifies the theory that was built for the proposal and also it verifies the achievement
of bilateral control between the master and the end effector.
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(A) Conventional method: Position response
(B) Proposed method: Position response
(C) Proposed method: Force response
Figure 5.15: Experimental results of 0 degree free motion
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(A) Conventional method: Position response
(B) Proposed method: Position response
(C) Proposed method: Force response
Figure 5.16: Experimental results of 0 degree contact motion
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(A) Conventional method: Position response
(B) Proposed method: Position response
(C) Proposed method: Force response
Figure 5.17: Experimental results of 90 degree free motion
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(A) Conventional method: Position response
(B) Proposed method: Position response
(C) Proposed method: Force response
Figure 5.18: Experimental results of 90 degree contact motion
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5.3.3 Experiments of frequency response
As explained in the above sections, similar control structure was used to compensate the backlash of
geared drives and the thrust wired systems. To evaluate the performance of the system, position and
force responses under different frequencies were obtained by carrying out the experiments on thrust
wire setup. Experiments were carried out by applying sinusoidal input signals having the frequencies
of 0.5 Hz, 1 Hz, 2 Hz, 3 Hz and 5 Hz under position control and force control. Transmissibility of
the force and position tracking between the master and the end effector is considered to visualize and
evaluate the performance of the system. Force applied on the system and the force observed at the end
effector is plotted under the force control results given in Fig. 5.19 and Fig. 5.20. Also, for the position
responses, the position of the master manipulator and the position of the end effector is plotted as in
Fig. 5.21 and Fig. 5.22. The red lines show the corresponding parameter of the master while the green
lines show the corresponding parameter of the slave manipulator.
From the force control results, it can be seen that the results corresponding to the proposed method have
better performance than that of the case where the backlash is presented. It is clearly seen that the glitch
generated at the mechanical engagement inside the system is disappeared in the proposal. However
still there is an error due to the non-linear frictional effects of the system which is not considered under
the scope of this study.
For these experiments, hard sponge object was taken as the environment. Due to the nature of the
material, the force response was having a lag. This resulted in a difference in the phase of the master’s
force and the force observed by the end effector.
Also the position control responses show very good position tracking between the master and the end
effector. The error due to the backlash is almost negligible in the results obtained for the proposed
method. Therefore, it is clear that the proposed method guarantees the backlash compensation under
different frequencies that enabling the system to show good performance in the haptic applications.
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Figure 5.19: Conventional method: Position response
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Figure 5.20: Proposed method: Position response
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Figure 5.21: Conventional method: Force response
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Figure 5.22: Proposed method: Force response
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5.4 Chapter summary
This chapter proposed a novel backlash cancellation method that can be used to cancel the backlash
presented in both geared drive systems and thrust wired systems. The backlash cancellation for both
cases were achieved by a unique control method and the experiments have been carried out. This
method does not use any additional force sensor or encoder at the end effector. Instead, this method
uses two identical counter operating drives. These drives maintain the system in an interlocked state
by applying equal and opposite torque/force and the load at the common end effector is shared by
each actuator depend on the direction of operation. These two drives operate as slaves for the bilateral
operation and the haptic transmission was taken place between the master manipulator and the common
end effector. Results obtained by the proposed method for both gear case and thrust wire case are
compared with the results of their conventional methods of operation. The results of the experiments
witness the reduction of backlash that was uniquely achieved by the proposed control method in both
cases. Also the experiments carried out for different frequencies ensures good performance of this
proposed system for different frequencies. This method is advantageous in the teleoperation in which
case, it is mandatory to have a backlash free motion transmission to ensure proper reproduction of
haptic information at the master side.
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Conclusions
This dissertation proposed advanced motion control based on haptics for teleoperated human support.
Under this title, a haptic based biped walking method and a unique backlash cancellation method for
geared and thrust wires have been proposed.
This dissertation consists of six chapters. It begins with the thesis introduction in Chapter 1. Motivation
for this research and the thesis orientation and structure are described in this chapter.
Then the background and the relevant technologies are discussed in chapter 2. Different approaches
made in the history for biped locomotion are discussed in this chapter. Regarding the backlash can-
cellation, cancellation of mechanical backlash presented in geared and thrust wired systems are also
presented.
In chapter 3, fundamentals of motion control including motor model and acceleration based motion
control are explained. Disturbance Observer based robust motion control is also explained in the
chapter. Sensorless force acquisition using the reaction force observer is explained as well. Then the
haptic information transmission based on bilateral control between master and slave systems is also
presented.
In Chapter 4 haptic based biped locomotion is explained. Starting from the typical cart table model, it
is shown that the applied method can be extended to the 3D walking as well, although the experiments
are carried out for the 2D case. Hip joint and the knee joint of the biped robot are controlled via the
4 channel bilateral control architecture between the slave biped robot and a master exoskeleton robot.
The ankle joints of the biped are controlled by the use of hip and knee joint angle information provided
that the robot maintain it’s heel parallel to ground during walking. Robot’s ZMP plot stays within the
boundaries of the feet, during the walking, confirming a stable walking. Then the stability for external
disturbances are also shown by using load carrying experiments of 0.5 kg and 1.0 kg. The external
weights were selected in this manner due to the torque limitation of the actuators of the biped robot.
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Chapter 6. Conclusions
In chapter 5, Realization of a backlash free operation was proposed. A unique control structure that
can be applied for both geared drive systems and thrust wired systems is presented. This method can
be used to improve the accuracy of the application. With the use of proposed method, it is shown that
the backlash error reduction can be achieved up to three times the normal case. Then the frequency
response plots for the proposed system is shown. From the figures, it is shown that the proposed system
stays within an acceptable performance range even in the high frequencies.
Experiments carried out for the proposed methods verifies their validity. From the viewpoint of orig-
inality and contribution for this thesis, novel haptic based biped locomotion method and backlash
cancellation method can be exaggerated.
Providing an accurate motion transmission and control for the haptic based teleoperated robots, it is
expected to realize a humanoid robot that can support human life.
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